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Abstract

This study investigates the inhibitory efficacy of 1-benzyl-4-imidazolidinone (BMI) ina 1 M
hydrochloric acid (HCI) solution as a corrosion inhibitor for mild steel in aggressive
environments. Varying the inhibitor concentration reveals notable inhibition efficiency,
reaching 94.8% at 0.5 mM BMI in 1 M HCI. The research explores the impact of immersion
periods and temperatures on BMI’s inhibitory performance. Integrating experimental weight
loss measurements with density functional theory (DFT) quantum chemical computations, the
study uncovers the inhibitory mechanism. Experimental results demonstrate a significant
reduction in the corrosion rate of mild steel with BMI, highlighting its potential as a highly
efficient corrosion inhibitor. DFT calculations attribute BMI’s inhibitory action to robust
adsorption onto the mild steel surface, aligning with the Langmuir adsorption isotherm and
suggesting the formation of a protective monolayer. This monolayer acts as a potent barrier,
impeding access to active sites and retarding the corrosion process, contributing to the observed
high inhibition efficiency. In conclusion, the research underscores BMI’s remarkable inhibition
efficiency in 1 M HCI for mild steel, considering varying inhibitor concentrations, immersion
periods, and temperatures. Insights from experimental and theoretical approaches emphasize
BMI’s potential as an effective corrosion inhibitor, offering valuable contributions to practical
corrosion protection methods, particularly beneficial for industries relying on mild steel
components in corrosive environments.
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1. Introduction

Corrosion is an ever-present challenge in various industries, where metal structures and
components are subjected to aggressive environments. The deterioration of metals due to
chemical or electrochemical reactions with their surroundings is known as the corrosion
process [1-3]. Among different types of metals, mild steel is widely used in industries due
to its favorable mechanical properties and cost-effectiveness. However, mild steel is highly
susceptible to corrosion, leading to significant economic losses and safety concerns.
Industries such as petrochemical, manufacturing, construction, and transportation heavily
rely on mild steel for various applications, including pipelines, storage tanks, bridges, and
machinery [4, 5]. The durability and reliability of these industrial assets are compromised
by the corrosive attack, necessitating effective corrosion protection strategies. Hydrochloric
acid (HCI) solution is commonly used in industries for various purposes, such as pickling
and cleaning metal surfaces, pH adjustment, and chemical synthesis [6, 7]. However, its
aggressive nature makes it a potent corrosive agent, posing a significant challenge for the
protection of mild steel components that come into contact with HCI solutions. Therefore,
the development of efficient corrosion inhibitors is of paramount importance to mitigate the
detrimental effects of HCI on mild steel [8].

Organic corrosion inhibitors have emerged as indispensable agents for safeguarding
metal structures and components from the deleterious effects of corrosion. Their versatile
chemical structures and tunable properties make them suitable for a broad spectrum of
industrial applications [9—-11]. These inhibitors work by forming a protective barrier on the
metal surface, impeding the electrochemical reactions that drive the corrosion process. One
significant advantage of organic inhibitors is their potential for tailoring their molecular
structures to enhance their inhibitory efficiency for specific metals and corrosive
environments. The incorporation of nitrogen and oxygen atoms in the structure of organic
corrosion inhibitors plays a pivotal role in enhancing their inhibitory performance [12-14].
Nitrogen-containing heterocyclic compounds, such as imidazole, benzimidazole, and
triazole derivatives, have garnered particular attention due to the presence of nitrogen atoms
in their five-membered rings [15-17]. These heterocyclic rings facilitate the formation of
coordinate bonds with metal cations, leading to the adsorption of the inhibitor molecules on
the metal surface. This adsorption process involves the donation of lone pairs of electrons
from the nitrogen atoms to the metal ions, resulting in the formation of a protective film.
Similarly, the introduction of oxygen atoms, as seen in oxadiazole derivatives, further
enhances the inhibitory properties of organic corrosion inhibitors [18]. Oxygen atoms in the
heterocyclic rings can form coordination complexes with metal centers, leading to strong
adsorption on the metal surface. The presence of oxygen atoms can also facilitate hydrogen
bonding interactions, allowing for the formation of stable inhibitor-metal complexes [19].

The strategic placement of nitrogen and oxygen atoms within the organic inhibitor
molecules contributes to their ability to coordinate with metal surfaces and create a barrier
against aggressive ions and corrosive species. This protective film effectively shields the
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metal surface from further corrosive attack, thereby retarding the corrosion process. The uses
of organic corrosion inhibitors are extensive and diverse. They find application in various
industries, such as oil and gas, petrochemical, automotive, and marine, where metal
components are exposed to corrosive environments [20]. Organic inhibitors are employed
for the protection of pipelines, storage tanks, heat exchangers, boilers, and other critical
equipment, ensuring their longevity and performance. Furthermore, the eco-friendly nature
of organic inhibitors, compared to traditional inorganic inhibitors, makes them increasingly
attractive for sustainable corrosion protection strategies. Their biodegradability and lower
environmental impact align with the growing emphasis on green and environmentally
conscious practices in industry [21].

Organic inhibitors derived from imidazole have garnered significant attention in
corrosion inhibition studies due to their versatile structures and favorable inhibitory
properties. Imidazole, with its five-membered ring containing two nitrogen atoms, serves as
a valuable precursor for synthesizing various imidazole derivatives. These derivatives can
be fine-tuned to impart specific inhibitory characteristics, making them effective candidates
for corrosion protection in different industrial applications. Some notable examples of
organic inhibitors derived from imidazole are highlighted below [22-25]:

1.Benzimidazole derivatives: benzimidazole, a fused imidazole derivative, has been
extensively studied for its corrosion inhibition capabilities. Various benzimidazole
derivatives, such as 2-mercaptobenzimidazole, 2-aminobenzimidazole, and N-
phenylbenzimidazole, have shown excellent inhibition efficiency for metals in
aggressive environments.

2.Triazole derivatives: triazole is another heterocyclic compound structurally related to
imidazole, and its derivatives have shown promising inhibitory effects. For instance,
1,2,4-triazole and 1,2,3-triazole derivatives have demonstrated substantial corrosion
inhibition for metals exposed to acidic solutions.

3.Imidazoline derivatives: imidazoline compounds, derived from imidazole, have been
widely employed as corrosion inhibitors for carbon steel in various corrosive media,
including acidic and alkaline solutions. Examples include 2-heptadecyl-1,3-
dimethylimidazoline and 2-dodecyl-1,3-dimethylimidazoline.

4.Pyrazole derivatives: pyrazole, a nitrogen-containing heterocycle similar to
imidazole, has inspired the synthesis of effective corrosion inhibitors. Pyrazole
derivatives, such as 3,5-dimethylpyrazole and 4-hydroxy-1-methylpyrazole, have
demonstrated appreciable corrosion inhibition for metals in acidic and neutral
solutions.

5.0xadiazole derivatives: oxadiazole is a five-membered ring compound containing
nitrogen and oxygen atoms and has been utilized to develop potent corrosion
inhibitors.
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6.Various oxadiazole derivatives, such as 2,5-dihydroxy-1,3,4-oxadiazole and 2-
mercapto-1,3,4-oxadiazole, have shown remarkable inhibitory effects on metal
corrosion.

These examples represent only a fraction of the diverse array of organic inhibitors
derived from imidazole. The chemical modification and functionalization of the imidazole
core enable researchers to tailor the inhibitory properties of these compounds, optimizing
their performance for specific metal-substrate and corrosive environments. As the
understanding of the structure-activity relationship of imidazole-based inhibitors continues
to advance, the potential for developing efficient and eco-friendly corrosion inhibitors for a
wide range of industrial applications grows substantially.

The primary aim of this research is to assess the corrosion inhibition efficiency (IE%)
of BMI at an inhibitor concentration of 0.5 mM in 1 M HCI solution. The study seeks to
evaluate the extent to which the inhibitor can effectively protect mild steel from corrosive
attack. Additionally, the inhibitory mechanism will be explored to unravel the interactions
between BMI and the mild steel surface. By employing a combined approach of
experimental and theoretical techniques, this work endeavors to gain insights into the
adsorption behavior of BMI onto the metal surface. The Langmuir adsorption isotherm will
be utilized to elucidate the formation of a monolayer, which contributes to the inhibition
process. The obtained synergistic insights will provide a deeper understanding of the
corrosion inhibition mechanism, shedding light on the potential practical applications of
BMI (Figure 1) as an efficient and eco-friendly corrosion inhibitor for mild steel in acidic
environments. In conclusion, the significance of this research lies in its contribution to the
advancement of corrosion protection strategies in industries where mild steel is frequently
exposed to hydrochloric acid solutions. The findings have the potential to pave the way for
the development of novel corrosion inhibitors, enhancing the durability and reliability of
metal structures and components, and thereby reducing economic losses and ensuring safety
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Figure 1. The structure of BMI.

2. Experimental Methodology

2.1. Materials and reagents

All the materials and reagents utilized in this study were obtained from Sigma-
Aldrich/Malaysia, ensuring high-quality and consistent results. To create the corrosive
medium for the experiments, a 1 M hydrochloric acid (HCI) solution was prepared by
diluting analytical grade 37% HCI solution with double-distilled water. Inhibitor
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concentrations ranging from 0.1 to 1.0 mM were achieved by diluting the inhibitor in the
1 M HCI solution [26].

2.2. Sample preparation

The mild steel samples used in this study underwent thorough analysis for their chemical
composition using X-ray fluorescence spectrometry. Following the ASTM G1-03 protocol,
the samples were prepared and polished using silicon carbide series plates. Before
immersion, the mild steel coupons were meticulously cleaned with double-distilled water
and acetone, ensuring the removal of any contaminants, and then dried in an oven [27].

2.3. Weight loss measurements

The weight loss measurements were performed by immersing the mild steel samples in
500 ml glass beakers containing 400 ml of the prepared 1 M HCI solution with varying
concentrations of the inhibitor. The experiments were carried out at a temperature of 303 K
using a water bath, adhering to the NACE TMO0169/G31 protocol [28]. The samples were
exposed for different time periods (1, 5, 10, 24 and 48 hours), and the corrosion products
were meticulously wiped off the surface before the coupons were dried and weighed. The
difference in weight was recorded, and the mass variation at the estimated time, along with
the original mass of the metallic sample, represented the weight loss achieved. The mild steel
coupons were immersed in corrosive media (1 M HCI) containing different inhibitor
concentrations (0.1, 0.2, 0.3, 0.4, 0.5 and 1 mM) at temperatures of 303, 313, 323 and 333 K
using a water bath to examine the effect of temperature [27, 28]. The average rate of
corrosion was calculated after being exposed in triplicate, and the rate of corrosion and
inhibition efficiency were determined using the following equations (1, 2):

W

Cy = 1
C..

|E%={1—ﬂ}-1oo (2)

where W is the weight loss (mg) of the sample, a is the surface area of mild steel (cm?), d is
the density of the mild steel coupon (g/cm?), and t is the exposure time (h). The corrosion
rates in the absence and presence of the inhibitor were denoted as C, and Cg, , respectively.

The coverage area () for both uninhibited and inhibited solutions was determined using
the following equation (3):

C.,
0=1-—"0 3)

Ro
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2.4. DFT calculations

Density Functional Theory (DFT) calculations were conducted using the Gaussian 09
software to investigate the molecular interactions between the inhibitor and the metal
surface. The optimization of the inhibitor’s structure in the gaseous state was accomplished
using the B3LYP method and the basis set “6-31G++(d,p)”. By employing Koopmans
theory, the ionization potential (1) and electron affinity (A) were determined based on the
highest occupied molecular orbital (Exomo) and the lowest unoccupied molecular orbital
(ELumo), respectively. The following equations (4, 5) were employed for calculating | and A
[29, 30]:

I =—E om0 (4)
A=~E uvo (%)

The electronegativity (), hardness (1), and softness (o) values were calculated using
the following equations (6—8):

r=pt 6)

=124 )
_1

o= ®)

Furthermore, the number of electrons transferred (AN) was determined using
Equation 9 [30]. The electronegativity value of iron was established as 7 eV, with a hardness
value of zero eV. Based on these results, Equation 10 was formulated.

Xre — Xinh
AN = Kre ~Xinn_ 9
2(nFe +T]inh) ( )
AN = L~ Xinn (10)
2'T]inh

2.5. Adsorption isotherm studies

To gain comprehensive insights into the properties of the studied molecules, various types
of adsorption isotherms, including Frumkin, Temkin, and Langmuir, were employed. These
isotherms aid in determining the extent of inhibitor coverage on the metal surface. Weight
loss measurements were conducted to assess the surface coverage of the inhibitor at various
concentrations in corrosive media [31]. The detailed experimental methodology presented
above outlines the rigorous procedures employed to evaluate the effectiveness of the organic
corrosion inhibitor BMI for mild steel in hydrochloric acid solution. The combination of
weight loss measurements, DFT calculations, and adsorption isotherm studies offers
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valuable insights into the inhibition efficiency and inhibitory mechanisms, providing a solid
foundation for practical industrial applications.

3. Results and Discussion

3.1. Weight loss measurements

3.1.1. Effect of inhibitor concentrations

In order to evaluate the impact of inhibitor concentrations on the corrosion inhibition of mild
steel in a 1 M HCI solution, weight loss measurements were conducted. The mild steel
samples were immersed in the corrosive medium for a duration of 5 hours, and varying
concentrations of the inhibitor, ranging from 0.1 to 1.0 mM, were introduced into the
solution. Figure 2 illustrates the corrosion rate and inhibition effectiveness as a function of
different inhibitor concentrations [32, 33].
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Figure 2. Corrosion rate and inhibition effectiveness at varying inhibitor concentrations.

As depicted in Figure 2, the corrosion rate of mild steel significantly decreases with
increasing inhibitor concentration. This reduction in corrosion rate is attributed to the
adsorption of the BMI inhibitor onto the mild steel surface, forming a protective layer that
hinders aggressive ions’ access to the metal surface. The adsorption of the inhibitor
molecules is believed to occur through coordination bonds between the nitrogen atoms in
the inhibitor’s imidazole ring and the metal cations, creating a stable and compact protective
film. Furthermore, the inhibition effectiveness, as calculated from the weight loss
measurements, demonstrates a substantial improvement as the inhibitor concentration is
increased [34]. At a low inhibitor concentration of 0.1 mM, the inhibition effectiveness
shows a moderate level of protection. However, as the inhibitor concentration rises to
0.5 mM and beyond, the inhibition effectiveness reaches its peak, showing a remarkable
corrosion inhibition of mild steel [35, 36]. The observed trend in inhibition effectiveness
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corroborates the Langmuir adsorption isotherm behavior, where the inhibitor molecules form
a monolayer on the metal surface, leading to a saturation point beyond which further increase
in concentration does not significantly impact the inhibition effectiveness. This behavior
indicates the formation of a complete and dense protective layer, preventing additional
inhibitor molecules from adsorbing and making the corrosion rate nearly negligible. The
results highlight the crucial role of inhibitor concentration in determining the corrosion
inhibition efficiency of BMI for mild steel in a 1 M HCI solution. Higher inhibitor
concentrations lead to stronger adsorption and more extensive surface coverage, resulting in
better corrosion protection [37]. Therefore, optimizing the inhibitor concentration is
essential to achieving the desired level of corrosion inhibition in practical applications. The
significant inhibition effectiveness of BMI at a concentration of 0.5 mM suggests its
potential as an efficient and cost-effective corrosion inhibitor for mild steel in acidic
environments. The findings from this study provide valuable insights for the development
of practical corrosion protection strategies and pave the way for further exploration of this
compound’s applicability in industrial settings [38, 39].

3.1.2. Effect of immersion time

To investigate the influence of immersion time on the corrosion inhibition of mild steel in a
1 M HClI solution, weight loss measurements were carried out. The mild steel samples were
immersed in the corrosive medium for different time periods of 1, 5, 10, 24 and 48 hours.
These experiments were performed at a constant temperature of 303 K, and varying
concentrations of the inhibitor (ranging from 0.1 to 1.0 mM) were introduced into the
solution. Figure 3 illustrates the corrosion rate and inhibition effectiveness at different
immersion times and various inhibitor concentrations at 303 K [40, 41].
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Figure 3. Corrosion rate and inhibition effectiveness at different immersion times and various
inhibitor concentrations (303 K).
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As shown in Figure 3, the inhibition efficiency at all inhibitor concentrations exhibits
an overall increasing trend with an increase in immersion time from 1 hour to 10 hours.
This suggests that the protective film formed by BMI on the mild steel surface becomes
more stable and effective in hindering corrosive attacks over this time range. The inhibitor
molecules gradually adsorb and rearrange on the metal surface, leading to improved surface
coverage and reduced access of aggressive ions to the metal. However, an interesting
observation is seen at 24 hours of immersion time, where the inhibition efficiency starts to
exhibit a slight decrease [42, 43]. This phenomenon could be attributed to several factors.
First, the protective film formed by the inhibitor might undergo partial desorption or
restructuring due to prolonged exposure to the corrosive environment. Additionally, the
accumulation of corrosion products on the metal surface may hinder further inhibitor
adsorption, leading to a slight decline in inhibition efficiency. The overall trend suggests
that there exists an optimal immersion time (around 10 hours) during which the inhibitor
exhibits the highest corrosion inhibition effectiveness. Beyond this time point, the
inhibitor’s efficiency may start to plateau or slightly decline due to the aforementioned
factors [44, 45].

Furthermore, it is important to note that at all inhibitor concentrations, BMI
demonstrates its ability to significantly reduce the corrosion rate of mild steel over the
studied immersion times. The increase in inhibition efficiency up to 10 hours underscores
the compound’s potential as a reliable corrosion inhibitor for extended exposure periods. In
conclusion, the effect of immersion time on the corrosion inhibition of mild steel ina 1 M
HCI solution was investigated through weight loss measurements [46, 47]. The results
indicate that the inhibition efficiency of BMI increases with increasing immersion time up
to 10 hours, after which a slight decline is observed at 24 hours. This finding highlights the
importance of considering the immersion time when evaluating the performance of the
inhibitor in practical applications. The understanding of these dynamics provides valuable
insights for optimizing the usage of this compound as an effective corrosion inhibitor for
mild steel in acidic environments over extended exposure periods.

3.1.3. Effect of temperature

The influence of temperature on the corrosion inhibition of mild steel ina 1 M HCI solution
was investigated using weight loss measurements. The mild steel samples were immersed in
the corrosive medium for a fixed duration of 5 hours. The experiments were conducted at
different temperatures, namely 303, 313, 323 and 333 K. Varying concentrations of the
inhibitor (ranging from 0.1 to 1.0 mM) were introduced into the solution. Figure 4 illustrates
the corrosion rate and inhibition effectiveness for the 5-hour immersion period at different
temperatures and various inhibitor concentrations [48].
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Figure 4. Corrosion rate and inhibition effectiveness at different temperatures and various
inhibitor concentrations (5-hour immersion period).

As shown in Figure 4, the corrosion rate of mild steel tends to slightly increase with
rising temperature at all inhibitor concentrations. This observation aligns with the well-
known principle that higher temperatures generally accelerate the rate of corrosion reactions.
The increased kinetic energy of the corrosive species at elevated temperatures enhances their
interaction with the metal surface, leading to a higher corrosion rate. Additionally, the
inhibition efficiency of BMI at all inhibitor concentrations demonstrates a decreasing trend
with increasing temperature [49, 50]. As the temperature rises, the thermal energy favors the
breaking of weak bonds between the inhibitor molecules and the metal surface, thus reducing
the stability of the protective film formed by the inhibitor. This weakening of the adsorption
forces results in a less effective inhibition of the corrosion process. Despite the decrease in
inhibition efficiency with increasing temperature, it is essential to note that BMI remains
effective in reducing the corrosion rate of mild steel even at elevated temperatures. The
compound continues to provide significant corrosion protection, albeit at a slightly reduced
level compared to lower temperatures. To further optimize the application of BMI as a
corrosion inhibitor for mild steel in acidic environments, it is important to consider the
operating temperature. Lower temperatures are generally more favorable for achieving
higher inhibition efficiencies due to the enhanced stability of the inhibitor film. However,
even at higher temperatures, the compound exhibits considerable corrosion inhibition,
indicating its potential applicability in a wide range of temperature conditions. In conclusion,
the effect of temperature on the corrosion inhibition of mild steel in a 1 M HCI solution was
investigated through weight loss measurements. The results reveal that the corrosion rate of
mild steel slightly increases with rising temperature at all inhibitor concentrations.
Moreover, the inhibition efficiency of BMI demonstrates a decreasing trend with increasing
temperature, although it continues to provide significant corrosion protection. The
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understanding of these temperature-dependent dynamics is vital for optimizing the
application of this compound as a corrosion inhibitor in various industrial scenarios,
especially when considering varying temperature conditions.

3.2. Effect of adsorption isotherm analysis

To gain deeper insights into the adsorption behavior of BMI inhibitor on the mild steel
surface, adsorption isotherm analysis was performed, with a focus on the Langmuir isotherm
model. Figure 5 illustrates the fitting of the Langmuir isotherm to the experimental data, and
the analysis provides valuable information regarding the adsorption mechanism and the
nature of bonding between the inhibitor molecules and the metal surface.

The Langmuir isotherm equation is expressed as follows:

Cim =K1+C (11)
9 ads

where Ciqu is the inhibitor concentration, 0 is the surface coverage, Kags is the constant of

adsorption, and C is the equilibrium concentration of the inhibitor.

The fitting of the Langmuir isotherm to the experimental data, as depicted in Figure 5,
demonstrates a good fit with a regression coefficient (R?) value of 0.98844. The high R?
value close to 1 indicates that the Langmuir isotherm accurately describes the adsorption
behavior of BMI on the mild steel surface [51, 52]. The slope value of the Langmuir isotherm
(0.93+0.05) reflects the relationship between the inhibitor concentration and the surface
coverage. The slope indicates that as the inhibitor concentration increases, the surface
coverage also increases, indicating a higher extent of inhibitor adsorption onto the metal
surface. The intercept value of the Langmuir isotherm (0.11+0.02) has a significant physical
significance. It represents the theoretical maximum surface coverage (0max) When the
inhibitor concentration approaches infinity. The value of 6max suggests that the inhibitor
molecules form a complete monolayer on the metal surface, effectively blocking the active
sites and hindering further corrosion.
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Figure 5. Langmuir adsorption isotherm.
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The thermodynamic aspects of the adsorption process were analyzed by calculating the

standard free energy of adsorption AGY, using Equation 12:

AGY, =—RT Ln(55,5-K_,) (12)

ads —

where R is the universal gas constant, T is the temperature in Kelvin, and 55.5 is the molar
volume of water.

The calculated AG?,, value of —35.68 kJ-mol* indicates a negative value, suggesting a
spontaneous and favorable adsorption process. This negative value indicates that the
adsorption of BMI onto the mild steel surface is thermodynamically stable. The negative
AGY, value suggests that the adsorption process involves chemisorption, which is a stronger
and more permanent bonding mechanism than physisorption. The chemisorption mechanism
involves the sharing or transfer of electrons between the inhibitor molecules and the metal
surface, leading to strong covalent bonds. The adsorption mechanism of BMI on the mild
steel surface may involve various interactions, including between donor and acceptor -
bonds, unoccupied iron d-orbitals, electrostatic interactions, and interactions between
unoccupied iron d-orbitals and unpaired electrons of nitrogen atoms. The combination of
these mechanisms facilitates the adsorption of the inhibitor onto the metallic surface and
provides effective corrosion protection. Overall, the adsorption isotherm analysis using the
Langmuir model sheds light on the adsorption behavior and mechanisms of BMI on the mild
steel surface. The good fit of the Langmuir isotherm to the experimental data, along with the
negative AG?,. value, indicates a spontaneous and chemically favorable adsorption process.
The understanding of the adsorption behavior and mechanisms is essential for optimizing
the use of this inhibitor as an effective corrosion inhibitor for mild steel in aggressive

environments.
3.3. DFT

3.3.1. Quantum chemical calculations

Quantum chemical calculations using density functional theory (DFT) at the B3LYP/6-311G
(d, p) level were performed to gain further insights into the inhibitory behavior of BMI. The
DFT calculations provided valuable electronic structure information, including the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energies, as well as several other DFT variables that contribute to understanding the
inhibitor’s corrosion inhibition mechanism. Table 1 summarizes the DFT variables for BMI
molecules in the gas phase [30, 53].

Table 1. DFT variables for BMI molecules in gas phase.

AEromo (V)  AELumo (V) AE (eV) 1 (eV) n (eV) ¢ (eV?Y) AN (eV)
—9.288 -1.113 8.175 5.701 4.201 0.238 1.750
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The optimized structure and frontier molecular orbitals (MOs) of tested inhibitor are
presented in Figure 6. The HOMO energy (Enomo) and LUMO energy (ELumo) values were
found to be —9.288 eV and —1.113 eV, respectively. The energy difference between HOMO
and LUMO (AE) was calculated to be 8.175 eV. These energy values provide information
about the stability and reactivity of the inhibitor [54]. A smaller AE value indicates that the
inhibitor is more susceptible to undergo chemical reactions, suggesting its reactivity in
inhibiting the corrosion process. The electronegativity (%) of BMI was determined to be
5.701 eV. Electronegativity represents the ability of the inhibitor to attract electrons, and
higher values indicate a stronger tendency to form bonds with other atoms or metal surfaces.
This suggests that the inhibitor has the potential to interact more effectively with the metal
surface, contributing to its inhibition efficiency [55].

-
JE

Optimized structure HOMO LUMO

Figure 6. The optimized structure and frontier MOs of tested inhibitor.

The hardness (1) and softness (o) values were calculated to be 4.201 eV and
0.238 eV1, respectively. Hardness is a measure of the resistance of the inhibitor to undergo
changes in its electron distribution, while softness reflects its ability to accommodate
electronic changes. Higher hardness indicates a more stable inhibitor, while higher softness
suggests that the inhibitor is more prone to accepting or donating electrons, thus participating
in charge transfer processes. Furthermore, the number of electrons transferred (AN) was
determined to be 1.750 eV. This value represents the extent of charge transfer between the
inhibitor and the metal surface [56, 57]. A higher AN value indicates a stronger interaction
between the inhibitor and the metal, implying a more effective inhibition of the corrosion
process. The DFT variables provide a comprehensive understanding of the electronic
properties and reactivity of BMI. The negative HOMO energy indicates that the inhibitor
can act as an electron donor, forming stable bonds with metal atoms on the surface of mild
steel. Conversely, the LUMO energy being negative also implies that the inhibitor can accept
electrons, facilitating the formation of coordination bonds with metal ions [58—60]. Overall,
the quantum chemical calculations based on DFT have provided valuable electronic structure
information, shedding light on the inhibitory behavior of BMI. The calculated HOMO and
LUMO energies, as well as the electronegativity, hardness, softness, and number of
transferred electrons, offer crucial insights into the interactions between the inhibitor and the
metal surface, providing a theoretical foundation for the observed corrosion inhibition
efficiency [61-64]. The combined experimental and theoretical approach contributes to a
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comprehensive understanding of the inhibitory mechanism of BMI, supporting its potential
application as a corrosion inhibitor for mild steel in aggressive environments.

3.3.2. Atomic charges

The quantum chemical calculations based on Density Functional Theory (DFT) provide
valuable insights into the electronic properties and charge distribution of BMI. The atomic
charges (Figure 7) obtained from the DFT calculations offer crucial information about the
distribution of electron density within the molecular structure, which has significant
implications for understanding the corrosion inhibition mechanism [65, 66].

B —0.067315 eV
Y —0.1435 eV

B —0.0271006 eV

—0.801424 eV

2 68LE
42 992€L200— O \

Figure 7. The DFT calculations revealed the atomic charges for specific atoms in BMI.

The variation in atomic charges reflects the different electronic environments and
bonding characteristics of the atoms in the molecular structure. The presence of nitrogen
atoms N(2) and N(5) with negative charges indicates that these atoms are electron-rich and
have the potential to act as electron donors. The lone pairs of electrons on the nitrogen atoms
make them suitable sites for forming coordination bonds with metal ions on the mild steel
surface. This ability to donate electrons enhances the inhibitor’s adsorption and inhibitory
behavior. Additionally, the presence of oxygen atoms O(6) with negative charges suggests
that they can also participate in charge transfer processes. Oxygen atoms are known for their
ability to form strong interactions with metal ions, contributing to the formation of protective
films on the metal surface [67, 68]. Furthermore, the aromatic carbon atoms C(8), C(9),
C(10), C(11), C(12) and C(13) have slightly negative charges, indicating that they are also
electron-rich. The delocalized n-electron cloud in the aromatic ring system enhances the
electronic interactions between the inhibitor and the metal surface. The aromatic carbon
atoms play a significant role in establishing VVan der Waals forces and n—mx interactions with
metal atoms, further stabilizing the inhibitor-metal surface interface. The knowledge of
atomic charges obtained from DFT calculations is essential for understanding the nature of
bonding interactions between the inhibitor and the metal surface. The negatively charged
nitrogen and oxygen atoms facilitate the formation of strong coordination bonds, while the
aromatic carbon atoms contribute to additional interactions, such as Van der Waals forces
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and n—m interactions. Overall, the DFT calculations and atomic charges provide valuable
insights into the electronic structure and charge distribution of BMI [69, 70]. The electron-
rich nature of specific atoms in the inhibitor molecule enhances its interaction with the metal
surface, leading to effective corrosion inhibition. The combination of experimental and
theoretical approaches contributes to a comprehensive understanding of the inhibitory

mechanism, supporting the potential application of BMI as a corrosion inhibitor for mild
steel in aggressive environments.

3.4. Suggested inhibition mechanism

The experimental and theoretical investigations provide valuable insights into the corrosion
inhibition mechanism of BMI on mild steel in a 1 M HCI solution. The adsorption behavior
observed through adsorption isotherm analysis points towards a combination of chemical
and physical adsorption as the primary inhibition mechanism [71, 72]. Chemical adsorption
involves strong and specific interactions between the inhibitor molecules and the metal
surface. In this case, the presence of nitrogen atoms in the heterocyclic imidazolidinone ring
of the inhibitor plays a crucial role [73, 74]. The lone pairs of electrons on the nitrogen atoms
act as donor sites, and they can interact with vacant d-orbitals of iron ions present on the
metal surface (Figure 8). These interactions are predominantly of a covalent nature, resulting
in the formation of stable coordination bonds between the inhibitor and the metal. The vacant
d-orbitals of iron ions on the metal surface act as acceptor sites, facilitating the sharing or
transfer of electrons with the inhibitor molecules. This leads to the establishment of strong
metal-inhibitor bonds, contributing to the formation of a protective film on the mild steel

surface. In addition to chemical adsorption, physical adsorption also plays a role in the

corrosion inhibition mechanism. Physical adsorption is characterized by weaker forces, such

as Van der Waals forces and electrostatic interactions, between the inhibitor and the metal

surface (Figure 8). While these interactions are not as strong as chemical bonds, they still
contribute to the overall adsorption process [75].
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Figure 8. Suggested inhibition mechanism.
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The presence of heterocyclic imidazolidinone in the inhibitor’s molecular structure
enhances the physical adsorption. The aromatic ring system in imidazolidinone provides a
delocalized electron cloud, which can interact with the metal surface through Van der Waals
forces. These interactions, combined with the chemical bonding, further stabilize the
inhibitor film on the metal surface [76]. Overall, the suggested inhibition mechanism
involves a combination of chemical adsorption, facilitated by the presence of nitrogen atoms
in the heterocyclic imidazolidinone ring, and physical adsorption, enhanced by the aromatic
nature of the inhibitor’s structure. The interactions between the inhibitor molecules and the
metal surface, particularly with the vacant d-orbitals of iron ions, play a pivotal role in the
formation of a protective layer on the mild steel surface. This dual mechanism of adsorption
enables BMI to effectively hinder the corrosive attack of hydrochloric acid on mild steel.
The strong chemical bonds provide a stable and permanent barrier, while the weaker physical
interactions contribute to the overall stability and coverage of the protective film [1, 23, 27].
The comprehensive understanding of the suggested inhibition mechanism is essential for
designing effective corrosion inhibitors and optimizing their performance in practical
industrial applications. The insights gained from this study lay the foundation for further
development and exploration of corrosion protection strategies using organic inhibitors
derived from imidazole for various metal substrates in aggressive environments [77].

4. Conclusion

In conclusion, this research study explored the corrosion inhibition potential of BMI for mild
steel in a 1 M hydrochloric acid (HCI) solution. Through a combined approach involving
weight loss measurements and quantum chemical calculations using Density Functional
Theory (DFT), the inhibition efficiency and adsorption behavior of the inhibitor on the metal
surface were thoroughly investigated. The experimental results demonstrated that BMI
exhibited remarkable corrosion inhibition properties, with an impressive inhibition
efficiency of 94.8% at an inhibitor concentration of 0.5 mM in 1 M HCI for a 5-hour
immersion period at 303 K. The inhibition efficiency increased with increasing immersion
time up to 10 hours, beyond which it slightly decreased at 24 hours. However, even at
extended immersion periods, the inhibitor continued to provide significant corrosion
protection for mild steel.

Moreover, the investigation of the effect of inhibitor concentrations revealed that higher
concentrations led to stronger adsorption of the inhibitor on the metal surface, resulting in
enhanced corrosion inhibition efficiency. The Langmuir adsorption isotherm model
provided a good fit to the experimental data, indicating that BMI formed a complete and
stable monolayer on the metal surface, hindering further corrosive attacks. Additionally, the
analysis of the effect of temperature showed that the inhibition efficiency of the inhibitor
decreased slightly with increasing temperature. Nonetheless, even at elevated temperatures,
BMI demonstrated significant corrosion protection, underscoring its potential for application
in diverse temperature conditions. The adsorption isotherm analysis further shed light on the
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adsorption behavior of the inhibitor on the mild steel surface. The Langmuir isotherm
accurately described the adsorption process, with a high R-squared value of 0.99506,
suggesting a spontaneous and favorable adsorption mechanism. The negative standard free
energy of adsorption (AGE?(,s of —35.68 kJ-mol* indicated chemisorption, involving strong
and covalent bonding between the inhibitor and the metal surface. The suggested inhibition
mechanism involved a combination of chemical and physical adsorption. The presence of
nitrogen atoms in the heterocyclic imidazolidinone ring facilitated the formation of strong
metal-inhibitor bonds through interactions with vacant d-orbitals of iron ions on the metal
surface. Additionally, physical interactions, such as Van der Waals forces and electrostatic
interactions, further stabilized the inhibitor film on the mild steel surface.

Overall, BMI exhibited promising potential as an efficient and environmentally friendly
corrosion inhibitor for mild steel in acidic environments. The synergistic insights gained
from the experimental and theoretical approaches provided a comprehensive understanding
of the corrosion inhibition process, paving the way for practical industrial applications. The
findings of this research contribute to the advancement of corrosion protection strategies,
offering opportunities for the development of novel organic inhibitors derived from
imidazole for various metal substrates in aggressive environments. In conclusion, the results
of this study highlight the significance of BMI as a promising corrosion inhibitor and provide
valuable insights into its inhibition mechanism. This research opens avenues for further
investigations and optimizations in the field of corrosion inhibition, with potential
implications for enhancing the lifespan and durability of metallic materials in industrial
applications.
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